A short overview of different methods of observing the longitudinal microwave instability will be followed by a more detailed analysis of those based on beam spectra measurements. Results obtained in the CERN SPS, both above and below transition, will be presented together with data taken at other accelerators.
INTRODUCTION
A very wide range of phenomena in high intensity circular accelerators is called by the same name "microwave (pw) instability". The instability known as turbulent bunch lengthening was observed already in the 70's first in electron accelerators and later in proton machines. Most probably, the name itself was first introduced by D. Boussard in 1975 [I] to describe an instability observed in the CERN PS during debunching of proton bunches and associated with microwave signals (frequencies above 1 GHz).
Later the name microwave instability was extended to coasting beams, in both transverse and longitudinal planes. Replacing average beam parameters by local ones the instability criteria derived for a coasting beam [2] was succesfuly applied to a bunched beam [I] confirming the similarity of the phenomena.
Usually, but not always, an instability is called the pw if where T is the bunch length and f T = wr/(27r) is the resonant impedance frequency. For a coasting beam this condition then means frequencies higher than the revolution frequency f o = w0/(27r) which can very well be in the kHz range. For very short electron bunches condition (1) can give fr > 100 GHz. In this case the name pw is also used for instability driven by an impedance Z ( n ) , n = f / f o , with a very high frequency f,. but which nevertheless doesn't satisfy condition (I).
Below we will consider different methods of observing longitudinal single bunch instability together with information which can be obtained from the data. These methods are based on the phenomenological definition of the pw instability and can be grouped as measurements of 0 increase of longitudinal emittance with intensity; 0 high frequency beam spectrum.
EMITTANCE BLOW-UP
Increase of longitudinal emittance c'an be seen first of all as bunch lengthening. pushing bunch current to the limit bunch lengthening is observed in practically all modem rings as well as in old accelerators.
Bunch lengthening due to pw instability can be distinguished from that connected with potential well distortion by a change in the slope of the curve giving bunch length as a function of intensity. This break point is considered as the instability threshold. Usually it corresponds to an intensity range (1O1O -loll) particles per bunch.
Measurements of momentum spread A p / p allow pw instability to be distinguished from other intensity dependent effects (like, for example, intrabeam scattering) and define more precisely the threshold. In a bunched beam momentum spread can be found from an estimation of the transverse size in a dispersive region, from the debunching rate with RF off, and for electron bunches also from spectral analysis.
The threshold intensity substituted into the Keil-SchnellBoussard criterion [ 1, 21 is often used to estimate the longitudinal impedance IZl/n of the ring. which varies from tens of Ohms in old accelerators to fractions of an Ohm in modern. Comparison of the slope of the bunch lengthening curve "before" and "after" gives a good indication about the global success of impedance reduction programmes (like in [3] , [4] ).
More information about the coupling impedance can be obtained from the dependence of bunch length on intensity above the threshold. Assuming that the emittance changes just enough to stay at the threshold, the frequency dependence of impedance can be estimated from the scaling law [51.
Most bunch lengthening curves are obtained above transition energy. Recent measurements of emittance blow-up of very short electron bunches [6, 7] with negative Q = rt2 (imaginary rt) are equivalent to measurements below transition, with negative slip factor 7) = o -Y -~. In SuperAco [6], for the same l a 1 = 0.015, bunch lengthening was stronger for Q > 0 and energy widening for Q < 0.
Except maybe for special behaviour of the bunch length such as the saw-tooth instability [3] or hysteresis [SI), in general measurements of unstable beam spectra can give more insight into the instability under study.
UNSTABLE BEAM SPECTRA

RFon
Let us first consider the situation where RF is on and synchrotron motion is important. If the frequency of the driving impedance is not high enough (fr 5 l /~) , instability manifests itself as coherent synchrotron oscillations at low multipoles. In this case the stable bunch spectrum "sees" the driving impedance and the effect of potential well distortion is important.
Measurements of the behaviour of synchrotron side- 
Transition crossing
In proton machines pw instability is often observed at transition crossing [4, 13, 14, 151 . In this special case the azimuthal motion in the phase space is practically frozen and particles are moving along momentum axes under the influence of external (RF) and induced voltages. It is noticed that strong microwave signals appear just above transition (AT) 14, 13, 151 which can be interpreted as a difference in bunch stability above and below transition (BT). In where Gn is the Fourier transform of G(0). 
where N is the number of particles in the bunch.
The spectrum of the unstable modes is P n N nGn-n,.. It is centered at n = n, and has a width inversely proportional to the bunch length. The same spectrum is obtained with a narrow-band resistive impedance [ 19, 201. By finding the maxima in the unstable spectrum it is possible to measure the frequency of the guilty impedance, see next Section. One can also hope to determine the Rsh/Q from Eq.(5) by measuring the growth rate of the unstable mode. However, in reality, due to the complicated structure of the signal in time the growth rate is often ill-defined.
For broad-band impedance approximation the bunch spectrum is replaced by a very narrow one. For a long Gaussian bunch (7 N 4at = 4a/wo) Two methods of measurement and data analysis were used:
(I) Measurement of maximum signal at a given frequency directly from a spectrum analyzer connected to a wideband pick-up, PU, (4 MHz -4 GHz).
(11) Measurement of bunch profile (signal from the same PU) each X turns followed by Fourier analysis. This approach was restricted to a maximum frequency of 2 GHz due to the 4 GHz sampling rate of the digital oscilloscope.
Recording the maximum mode amplitude of the signal reached during the observation time 50 ms (less than t d ) at different frequencies, method (I), and using statistics (data from > 10 bunches with similar intensity) led to the global spectral distribution presented in Fig. 2 . Similar results were obtained below 2 GHz using method (11).
Various peaks correspond to different impedances in the ring, with bandwidth A w , both larger and smaller than 1 /~ -40 MHz.
Then the expression for the instability growth rate is similar to a coasting beam where average current is replaced by peak, see also [ 191:
The bandwidth of the spectrum in this case is defined by the impedance bandwidth. In numerical simulations done by the author with ESME [21] it is also modulated with a wavelength close to the width of the stable bunch spectrum.
MEASUREMENTS IN THE CERN SPS
Experimental conditions and methods used
In the CERN SPS, R = 1100 m, Y~ = 23.2, pw instability was first observed below transition (10 GeV) during debunching of protons in 1977, almost from begining of commissioning. Later, due to pw instability, single bunch intensity was limited at N = 1.6 x 10" during p p collider operation (above transition), and at N = 3.5 x 1O1O for leptons (3.5 GeV). Measurements of IZl/n made with different beams over the years give values in the range (10 -40) Ohm.
Recent measurements of unstable bunch spectrum have allowed the sources of pw instability to be identified [17] .
AS a result in the SPS an extensive impedance reduction programme involving the work of a large team is close to completion. Experiments were done with single bunches of similar intensity in the range (5 x l o 9 -1 x loll) injected with RF off on an injection plateau at 14, 20 and 26 GeV. Bunches were sufficiently long, (20 -50) ns and had small momentum spread (to be more unstable and debunch slowly). 
4.2
Future CERN projects -LHC and CNGS, require higher single bunch intensities injected into the SPS both above (26 GeV) and below (14 GeV) transition energy.
First measurements below transition (BT) using the method described above were made in 1996 at 14 GeV (see Fig. 4 , left). They basically showed the same peaks as in Fig. 2 however smeared out by fast debunching due to the large value of q. Later the injection energy was specially adjusted in studies to have parameters comparable with ones in measurements already done above transition (AT). Relevant beam and machine parameters from the last experiment [23] are presented in Table 1 . In both cases the bunch intensity was N = 3.5 x lolo. In all the measurements described here yt = 23.2. Measurements done for the same bunches and two different transition energies are presented in [24] . As expected they have demonstrated much better bunch stability at low -yt = 19.6.
Single bunches with similar parameters are unstable both below and above transition. Contrary to what one would expect from potential well distortion (defocusing AT and focusing BT for inductive type of low frequency impedance in the SPS), faster debunching was observed BT. This observation can be explained by the fact that the tail of the bunch is affected first by the wake. Particles lose energy creating a microstructure which has significantly lower energy BT due to the opposite directions of bunch rotation in phase space AT and BT. As a result BT total momentum blow-up is larger and debunching is faster. This is true even for exactly the same 171 used in simulations [23] done with ESME. Fast debunching stretches microbunches and leads to the frequency sweep well seen in Fig. 3 , method (11). Bunch spectra showing resonant structure agree very well both BT and AT if for the measurements BT only results at the begining of debunching are taken into account. Excitation of high frequencies is dominant BT and almost suppresses other peaks with lower frequency, which are well seen AT. It is also interesting that, when sweeping through lower frequencies, the amplitude of excitation created initially at 1.5 GHz grows when passing the frequencies of other impedances both known (800 MHz) and under suspicion (e.g around 1 GHz).
Results above and below transiton
For frequencies above 2 GHz measurements were done using method (I). The data for the two energies BT -14 GeV and 20 GeV, shown in Fig. 4 , have the same resonant structure as AT, see Simple estimations show that a cavity-like object with radius around 30 cm is required to have lowest resonant frequency at 400 MHz. The list of different types of objects found in the ring at that time contained 15 items. Among them were the 400 MHz LHC prototype cavity (removed from the ring at the beginning of 1999), electrostatic septa Extraction septa, which were seriously suspected due to their large number, were shielded during the 1999/2000 shutdown. Beam measurements done in 2000 showed that in spite of this shielding the instability is still there.
The signal at 400 MHz will be always produced as a high harmonic of the mode excited by the 200 MHz RF system due to the nonlinearity of the process, but its amplitude can not exceed a half of the main, 200 MHz harmonic. To see the effect of shielding relative measurements of the maximum amplitude at 200 MHz, Azo0 and 400 MHz, A400, as a function of intensity were made. In Fig. 5 reference measurements of A200 and A400 from 1999, before shielding the septa, are presented together with data from 2000. One can see that the 400 MHz threshold (bunch intensity at which A400 N Azoo) increased in 2000. This can be interpreted as the result of shielding the septa. However more detailed studies showed that this increase can be attributed, at least partially, to the slightly different bunch lengths used in measurements.
Measurements of Azo0 and A400 as a function of bunch length for constant emittance and intensity are shown in Recent bench measurements of the MKE kicker tank with a single module showed significant impedance at 400 MHz, Rsh N 6 kOhm. This is considered at the moment the best candidate for 400 MHz instability. Whether it is true will be known in 2003 after shielding of all tanks.
SUMMARY
Microwave instability can be identified from observation of intensity dependent emittance blow-up associated with growth of high frequency signals. In many cases the source of instability is a high frequency resonant impedance with bandwidth larger or smaller than the width of stable bunch spectrum cx 1 /~. For relatively short bunches instability is seen as coherent oscillations at multipoles of the synchroton frequency. There is no clear experimental evidence for azimuthal mode coupling.
In the presence of resistive impedance the instability is observed both below and above transition, with RF on and off. For comparison of the thresholds more studies are necessary.
With RF on emittance blow-up was measured for negative a, equivalent to being below transition.
Under certain conditions measurements with RF off allow the sources of microwave instability to be seen, both below and above transition, and the impedance reduction programme to be followed up in detail.
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